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A  macrophage  assay  and  proteomic  screening  were  used  to  investigate  the  biological  activity  of 
soluble  factors  in  the  plasma  of  millimeter  wave-exposed  rats.  NR8383  rat  macrophages  were 
incubated  for  24  h  with  10%  plasma  from  male  Sprague-Dawley  rats  that  had  been  exposed  to  sham 
conditions,  or  exposed  to  42  °C  environmental  heat  or  35  GHz  millimeter  waves  at  75  mW/cm2  until 
core  temperature  reached  41.0  °C.  Two-dimensional  polyacrylamide  gel  electrophoresis,  image 
analysis,  and  Western  blotting  were  used  to  analyze  approximately  600  protein  spots  in  the  cell  lysates 
for  changes  in  protein  abundance  and  levels  of  3-nitrotyrosine,  a  marker  of  macrophage  stimulation. 
Proteins  of  interest  were  identified  using  peptide  mass  fingerprinting.  Compared  to  plasma  from  sham- 
exposed  rats,  plasma  from  environmental  heat-  or  millimeter  wave-exposed  rats  increased  the 
expression  of  1 1  proteins,  and  levels  of  3-nitrotyrosine  in  seven  proteins,  in  the  NR8383  cells.  These 
altered  proteins  are  associated  with  inflammation,  oxidative  stress,  and  energy  metabolism.  Findings 
of  this  study  indicate  both  environmental  heat  and  35  GHz  millimeter  wave  exposure  elicit  the 
release  of  macrophage-activating  mediators  into  the  plasma  of  rats.  Bioelectromagnetics  31:656- 
663,  2010.  ©  2010  Wiley-Liss,  Inc. 
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Millimeter  waves  (MMWs)  correspond  to  the 
range  of  30-300  GHz  of  the  electromagnetic  spectrum 
and  are  currently  used  for  a  variety  of  military  and 
civilian  applications.  For  example,  systems  that  emit 
radiofrequency  radiation  at  or  near  35  GHz  are 
employed  by  the  United  States  military  for  land-based 
and  airborne  radars  [Camacho,  2000]  and  are  being 
tested  for  passive  MMW  imaging  of  weapons  [Appleby, 

2004]  and  use  in  armored  vehicle-mounted  multi¬ 
functional  devices  for  simultaneous  active  protection, 
surveillance,  communication,  and  combat  identifica¬ 
tion  [Wehling,  2005].  An  increased  risk  of  occupational 
overexposure  to  MMWs  has  been  predicted  due  to  the 
continued  development  of  higher  power  technologies 
that  may  be  capable  of  causing  significant  temperature 
increases  in  superficial  body  tissues  [Ryan  et  al.,  2000]. 
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Details  on  the  doses  of  radiofrequency  radiation 
received  by  humans  during  inadvertent  overexposures 
are  quite  limited,  though  a  few  published  case  studies 
involving  reconstruction  of  such  events  are  available. 
These  indicate  that  accidental  exposures  of  military 
personnel  have  occurred  at  379mW/cm2  for  approx¬ 
imately  20  min  from  a  200  W  aircraft  radar  unit 
operating  at  a  frequency  above  10  GHz  [Williams  and 
Webb,  1980],  and  at  various  unrecorded  frequencies 
and  power  densities  of  1-2685  mW/cm2  (75-150mW/ 
cm2  defined  as  the  medium-dose  range)  for  20-30  min 
[Reeves,  2000] .  Fourteen  of  the  34  patients  in  this  latter 
study  reported  a  warm  sensation  during  the  over¬ 
exposure  [Reeves,  2000].  A  consensus  report  based  on  a 
review  of  known  radiofrequency  radiation  hazards 
concluded  that  health  effects  of  greatest  concern  are 
likely  to  occur  at  doses  that  induce  tissue  heating,  and 
that  the  underlying  biochemical  mechanisms  for 
documented  responses  in  humans  are  not  well  under¬ 
stood  [IEEE  Committee  on  Man  and  Radiation,  2002]. 

The  penetration  depth  of  MMW  radiation  into 
biological  tissue  is  shallow  and,  for  35  GHz,  is 
estimated  to  be  about  0.8  mm  [Blick  et  ah,  1997].  It  is 
expected,  therefore,  that  absorption  of  35  GHz  MMW 
energy  should  occur  mostly  within  the  epidermis  and 
dermis  of  exposed  skin.  In  agreement  with  this,  prior 
studies  conducted  by  our  laboratory  showed  intra¬ 
vascular  aggregation  of  leukocytes  and  upregulation  of 
genes  associated  with  immune  cell  recruitment  and 
activation  in  the  skin  of  rats  at  6  and  24  h  after  exposure 
to  35  GHz  MMWs  at  75  mW/cm2  until  colonic  temper¬ 
ature  reached  41-42  °C  [Millenbaugh  et  al.,  2008]. 
Previous  investigations  also  indicate  that  sustained 
MMW  exposure  can  cause  heating  of  internal  tissues, 
presumably  due  to  thermal  conduction,  and  effects  in 
peripheral  blood  cells  and  tissues  distal  to  the  initial  site 
of  energy  absorption.  A  series  of  experiments  per¬ 
formed  in  rats  demonstrated  that  exposure  to  35  GHz 
MMWs  at  75  mW/cm2  for  approximately  44-80  min 
produced  elevations  in  skin  and  colonic  temperatures 
and  changes  in  heart  rate,  respiration  rate,  and  blood 
pressure,  with  eventual  circulatory  collapse  [Frei  et  al., 
1995;  Kalns  et  al.,  2000;  Millenbaugh  et  al.,  2006].  In 
addition,  increased  levels  of  the  oxidative  stress  marker, 
3-nitrotyrosine  (3-NT),  were  detected  in  peripheral 
blood  lymphocytes  and  neutrophils  of  rats  exposed  to 
35  GHz  MMWs  at  75  mW/cm2  for  44-60  min  until 
body  core  temperature  reached  41-42  °C  [Kalns  et  al., 
2000].  Based  on  these  results,  we  hypothesized  that 
35  GHz  MMWs  can  elicit  the  release  of  biologically 
active  mediators  into  the  systemic  circulation  leading  to 
downstream  responses  in  cells  and  tissues. 

The  ability  to  elicit  effects  in  immune  cells  has 
also  been  observed  for  other  MMW  frequencies  and 


power  densities.  Exposure  to  42.2  or  61 .22  GHz  MMWs 
at  15  or  31  mW/cm2  for  20  or  30  min  daily  for  3  days 
was  found  to  restore  immune  system  function  in  mice 
treated  with  the  immunosuppressant,  cyclophospha¬ 
mide.  The  MMW  exposures  enhanced  proliferation 
[Rojavin  et  al.,  1997;  Makar  et  al.,  2003,  2006]  and 
interferon-y  (IFNg)  secretion  in  splenic  T  cells  [Makar 
et  al.,  2003,  2006],  natural  killer  cell  cytolytic  activity 
[Makar  et  al.,  2005],  phagocytosis  [Rojavin  et  al., 
1997],  and  tumor  necrosis  factor-a  production  in 
macrophages  [Makar  et  al.,  2003, 2006].  These  findings 
provide  additional  evidence  that  sustained  MMW 
exposures  could  lead  to  secretion  of  active  factors  into 
the  circulation. 

In  the  current  study,  an  in  vitro  bioassay  and 
proteomic  screening  were  utilized  to  determine  if 
plasma  from  35  GHz  MMW-exposed  rats  causes 
changes  in  protein  expression  and  levels  of  3-NT  in  a 
rat  alveolar  macrophage  cell  line.  Use  of  an  in  vitro 
assay  allows  delineation  of  effects  induced  by  plasma- 
borne  compounds  from  the  direct  effects  of  heating  that 
would  likely  be  exhibited  by  macrophage  cells  derived 
from  the  MMW-exposed  rats.  A  cell  line  was  chosen  for 
this  experiment  to  avoid  inter-animal  variations  in 
response  seen  in  primary  alveolar  macrophage  cultures 
[Helmke  et  al.,  1989].  Macrophages  were  selected  for 
testing  because  they  have  a  major  role  in  immune 
system  functions,  and,  as  mentioned  above,  were 
previously  shown  to  be  affected  by  MMW  exposure 
[Rojavin  et  al.,  1997;  Makar  et  al.,  2003,  2006]. 

Plasma  samples  used  in  the  current  study  were 
obtained  from  nine  male  Sprague -Dawley  rats  during  a 
prior  investigation  of  35  GHz  MMW  effects,  and  details 
of  the  animal  care  and  exposures  have  been  reported 
elsewhere  [Millenbaugh  et  al.,  2006,  2008].  Briefly,  all 
experiments  and  animal  care  procedures  were  approved 
by  the  Institutional  Animal  Care  and  Use  Committee  of 
the  Air  Force  Research  Laboratory  (Brooks  City-Base, 
TX,  USA)  and  were  conducted  in  accordance  with 
the  National  Research  Council’s  Guide  for  the  Care 
and  Use  of  Laboratory  Animals  [National  Research 
Council,  1996].  Nine  male  Sprague-Dawley  rats  (350- 
400  g,  3-4  months  of  age,  Charles  Rivers  Laboratories, 
Raleigh,  NC)  were  randomly  assigned  to  a  sham 
(n  =  3),  42  °C  environmental  heat  (EH;  n  =  3),  or 
35  GHz  MMW  (n  =  3)  exposure  group.  The  dose  of 
35  GHz  MMWs  used  in  this  study  is  based  upon 
incident  power  density  because  the  exposure  standard 
for  this  frequency  is  also  based  on  this  parameter,  rather 
than  a  normalized  specific  absorption  rate  [IEEE 
International  Committee  on  Electromagnetic  Safety, 
2006].  An  incident  power  density  of  75  mW/cm2  and 
a  colonic  temperature  endpoint  of  41  °C  were  chosen 
for  the  MMW  exposures  because  these  parameters  are 
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associated  with  MMW-induced  immune  cell  changes 
in  rats  [Kalns  et  al.,  2000;  Millenbaugh  et  al.,  2008], 
and  this  power  density  has  relevance  to  reported  cases 
of  human  radiofrequency  radiation  overexposures 
[Reeves,  2000].  The  EH  group  was  included  as  a 
positive  control  for  body  core  heating.  Whole-body 
environmental  heating  of  rats  has  been  used  in  prior 
studies  of  radiofrequency  radiation  effects  as  a  more 
conventional  model  of  hyperthermia  [Walters  et  al., 
1998a, b;  Millenbaugh  et  al.,  2006,  2008]  and  is  known 
to  elicit  release  of  immunologically  active  compounds 
into  the  plasma  [Leon  et  al.,  2006;  Leon,  2007].  Warm 
air  at  42  °C  has  been  shown  to  produce  a  colonic  heating 
profile  similar  to  that  seen  in  rats  exposed  to  35  GHz 
MMWs  at  75  mW/cnr  [Millenbaugh  et  al.,  2006, 
2008],  and  thus  this  temperature  was  utilized  for  the 
EH  exposures  in  the  current  investigation.  Colonic 
temperature  was  used  as  the  endpoint  for  the  EH 
and  MMW  exposures  in  this  study  because  it  is  not 
possible  to  accurately  measure  the  actual  dose  of 
energy  absorbed  in  the  skin  during  the  experiment 
[Millenbaugh  et  al.,  2006,  2008].  A  pilot  study 
indicated  that  the  average  amount  of  time  required  to 
reach  the  endpoint  of  4 1  °C  colonic  temperature  during 
MMW  and  EH  exposures,  including  the  3-min  control 
period,  was  45.8  ±3.8  min  (mean±SD),  and  thus 
46  min  was  selected  as  the  duration  for  the  sham 
exposures. 

Animals  were  anesthetized  with  isoflurane 
(Isosol;  Vedco,  St.  Joseph,  MO),  and  hair  was  removed 
from  the  left  side  of  the  body  using  electric  clippers. 
Colonic  and  skin  surface  temperatures  were  recorded 
during  experimentation  using  a  thermistor  probe  and 
infrared  camera  system,  respectively.  For  MMW 
exposures,  continuous-wave  35  GHz  radiofrequency 
radiation  was  generated  by  a  MMW  exposure  system 
(Applied  Electromagnetics,  Atlanta,  GA)  and  trans¬ 
mitted  through  a  conical  horn  antenna  (6.8  cm  diameter 
aperture)  at  a  forward  power  of  50  W.  The  generator 
output  power  was  monitored  throughout  exposures  with 
a  Model  4-32-B  Hewlett-Packard  power  meter  (Agilent 
Technologies,  Santa  Clara,  CA).  The  Fresnel  distance 
was  calculated  to  be  approximately  53.9cm,  and 
exposures  were  conducted  under  far-held  conditions 
at  1 10  cm  from  the  antenna.  The  anesthetized  rats  were 
placed  on  a  custom-designed  stand  with  the  left,  clipped 
side  of  the  body  centered  along  the  boresight  of  the  horn 
antenna.  The  incident  power  density  of  the  MMW  held 
was  determined  at  the  exposure  site  with  an  isotropic 
probe  (Model  8723;  Narda  Microwave,  Hauppage, 
NY).  The  power  density  distribution  produced  by  the 
antenna  system  is  Gaussian  and  was  previously 
estimated  to  decrease  by  50%  at  8.5  cm  horizontally 
from  the  boresight  spot  on  the  animal  for  this 


experimental  set-up  [Millenbaugh  et  al.,  2006].  Follow¬ 
ing  a  3-min  control  period,  rats  were  exposed  to  MMWs 
at  a  peak  incident  power  density  of  75  mW/cm2  until  the 
colonic  temperature  reached  41  °C. 

For  EH  exposures,  rats  were  subjected  to  ambient 
temperature  during  a  3-min  control  period  followed  by 
warm  air  at  42  °C  in  a  custom-designed,  insulated 
chamber  until  the  colonic  temperature  reached  41  °C. 
For  sham  exposures,  animals  were  placed  in  the  same 
experimental  set-up  used  for  MMW  exposures,  but 
they  were  not  irradiated.  At  24  h  post-exposure,  rats 
were  anesthetized  with  isohurane  and  exsanguinated 
via  cardiac  puncture.  Blood  was  transferred  to  a 
heparinized  vacutainer  (BD,  Franklin  Lakes,  NJ)  and 
centrifuged  for  15  min  at  1100g.  Plasma  was  immedi¬ 
ately  aliquoted,  snap  frozen,  and  stored  at  —80  °C  until 
utilized. 

NR8383  rat  alveolar  macrophages  (CRL-2192; 
ATCC,  Manassas,  VA)  were  seeded  onto  six-well 
culture  plates  and  incubated  for  24  h  at  37  °C  and  5% 
C02  in  RPMI-1640  medium  (pH  7.2;  without  phenol 
red)  supplemented  with  1%  non-essential  amino  acids 
and  15%  heat-inactivated  fetal  bovine  serum  (all  from 
Sigma- Aldrich,  St.  Louis,  MO).  Pilot  experiments 
indicated  10%  rat  plasma  in  culture  medium  was  the 
highest  concentration  that  maintained  macrophage 
cell  viability  at  >97%  after  24  h  incubation  (data  not 
shown),  and  therefore,  this  percentage  was  selected  for 
further  testing.  The  plated  cells  were  treated  for  24  h 
with  fresh  culture  medium  containing  5%  fetal  bovine 
serum  and  10%  plasma  from  the  sham-,  EH-,  or  MMW- 
exposed  rats.  An  aliquot  of  plasma  was  selected  from 
each  of  the  nine  animals  and  used  to  treat  wells  in 
triplicate  (27  individual  wells).  In  addition,  macro¬ 
phages  were  treated  in  triplicate  for  24  h  with  a  mixture 
of  lipopolysaccharide  (LPS,  5  pg/ml,  Escherichia  coli, 
0:157,  Sigma- Aldrich)  and  recombinant  rat  IFNg 
(50U/ml;  R&D  Systems,  Minneapolis,  MN)  in  culture 
medium  as  a  positive  control  for  Western  blotting. 
Following  treatment,  culture  medium  was  removed  and 
cells  were  washed  using  phosphate-buffered  saline. 
Cells  from  one  well  out  of  each  triplicate  set  of  wells 
were  removed  and  used  to  conhrm  that  cell  viability  was 
>97%  via  the  trypan  blue  exclusion  assay.  Thus,  two 
wells  for  each  of  the  nine  plasma  aliquots  plus  two  wells 
for  the  Western  blot  positive  control  remained  on  the 
plates,  and  these  20  samples  were  immediately  snap 
frozen  in  liquid  nitrogen  and  stored  at  —80  °C. 

Protein  sample  preparation  [Witzmann  et  al., 
2002]  and  two-dimensional  polyacrylamide  gel  electro¬ 
phoresis  followed  by  image  analysis  [Witzmann  et  al., 
2005]  were  performed  as  described  previously.  Briefly, 
cell  lysates  were  obtained  using  400  pi  of  lysis  buffer 
placed  directly  on  frozen  cells  on  the  culture  plates. 
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Protein  samples  (183.5  pg)  from  each  of  the  20  wells 
were  individually  loaded  onto  immobilized  pH  gradient 
strips  (24  cm,  linear  pH  3-10;  Bio-Rad,  Hercules,  CA) 
and  isoelectrically  focused  for  100000  V-h.  Strips  were 
placed  onto  SDS  slab  gels  (20  cm  x  25  cm  x  0.15  cm; 
linear  11-17%  acrylamide  gradient)  and  proteins  were 
separated  in  the  second  dimension  at  8  °C  for  1 8  h 
at  160  V.  Gels  were  stained  with  colloidal  Coomassie 
blue  and  scanned  under  visible  light. 

For  samples  from  the  sham,  EH,  and  35  GHz 
MMW  plasma  treatment  groups,  gel  image  data  were 
analyzed  by  PDQuest  software  (Bio-Rad)  with  indi¬ 
vidual  protein  quantities  expressed  as  parts-per-million 
of  the  total  integrated  optical  density  of  the  gel. 
Quantities  for  each  spot  were  first  compared  between 
the  three  treatment  groups  using  the  Student’s  /-test 
within  PDQuest  (P  <  0.01).  Individual  abundances  for 
differentially  expressed  spots  were  exported  to  Statis- 
tica  software  (v.  8.0;  StatSoft,  Tulsa,  OK)  where  the  spot 
values  for  samples  from  duplicate  wells  were  averaged. 
Protein  quantities  in  the  EH  and  MMW  treatment 
groups  were  then  compared  to  those  in  the  sham  group 
using  one-way  ANOVA  and  Dunnett’s  multiple  com¬ 
parison  tests  (n  =  3  per  group,  P  <  0.05). 

All  gels  from  the  sham,  EH,  and  35  GHz  MMW 
plasma  treatment  groups,  plus  the  gels  from  the  positive 
control  samples  treated  with  LPS  and  IFNg,  were  used 
for  immunoblot  analysis  of  nitrated  proteins.  Two- 
dimensional  Western  blotting  was  performed  according 
to  previously  published  methods  [Fultz  and  Witzmann, 
1997].  Briefly,  proteins  from  the  gels  were  transferred 
onto  polyvinylidene  difluoride  membranes.  The  mem¬ 
branes  were  incubated  overnight  with  a  mouse  mono¬ 
clonal  anti-nitrotyrosine  primary  antibody,  then  for  2  h 
with  a  polyclonal  goat  anti-mouse  secondary  antibody 
conjugated  with  horseradish  peroxidase  (both  at 
1:10000  dilution;  Upstate  Biotechnology,  Lake  Placid, 
NY).  Blots  were  developed  using  a  3,3',5,5'-tetrame- 
thylbenzidine  reagent  kit  (Sigma-Aldrich)  then 
scanned  under  visible  light.  Protein  spots  were  selected 
for  identification  based  upon  qualitative  changes  in  the 
signal  intensity.  Only  spots  showing  apparent  changes 
in  signal  intensity  for  all  members  in  the  EH  or  MMW 
group  compared  to  the  sham  group  were  included. 

Protein  identification  using  peptide  mass  finger¬ 
printing  was  performed  as  previously  reported  [Witz¬ 
mann  et  al.,  2005].  Spots  were  excised  from  the  gels  and 
processed  robotically,  including  overnight  digestion  at 
37  °C  with  6ng/pl  of  modified  trypsin  (Promega, 
Madison,  WI).  The  resulting  peptides  were  analyzed 
by  matrix-assisted  laser  desorption  ionization  mass 
spectrometry  using  a  Waters  MicroMass  M@LDI 
system  (MicroMass,  Milford,  MA).  Proteins  were 
identified  by  comparing  the  measured  peptide  mass 


profiles  to  theoretical  masses  using  the  ProFound 
search  engine  (Proteometrics,  New  York,  NY)  and  the 
National  Center  for  Biotechnology  Information  data¬ 
base  of  non-redundant  protein  sequences.  The  Z-score 
estimated  by  the  ProFound  software  is  reported  in 
Table  1  as  an  indication  of  the  quality  of  the  search 
result.  A  Z-score  of  1.3  corresponds  to  the  90th 
percentile. 

Colonic  and  left  skin  surface  temperatures  of  the 
rats  during  the  3-min  control  period  followed  by  sham, 
EH,  or  35  GHz  MMW  exposure  are  shown  in  Figure  1  A. 
For  EH  and  MMW  exposures,  individual  animals 
reached  the  41  °C  colonic  temperature  endpoint  at 
different  times.  Exposure  duration,  including  the 
control  period,  ranged  from  42.7  to  44.0  min  and  46.0 
to  47.0  min  for  the  EH  and  MMW  groups,  respectively. 
Data  points  in  Figure  1 A  are  shown  only  for  those  times 
when  all  three  subjects  in  each  of  these  two  groups  were 
still  undergoing  exposure.  Colonic  and  skin  surface 
temperatures  were  maintained  at  relatively  constant 
levels  of  36.9-37.3  and  33.4-34.6  °C,  respectively, 
throughout  the  46  min  sham  exposures.  In  the  EH-  and 
MMW-exposed  rats,  the  colonic  and  skin  temperature 
profiles  are  similar  to  those  seen  in  our  previous  studies 
[Millenbaugh  et  al.,  2006]  and  are  consistent  with  an 
initial  deposition  of  energy  at  the  skin  followed  by 
transfer  of  heat  to  internal  tissues.  The  average  colonic 
temperatures  differed  by  up  to  only  0.4  °C  between 
these  two  groups  at  any  time  point  during  exposures. 
However,  the  average  maximum  skin  surface  temper¬ 
ature  of  41.7  ±  0.4  °C  (meaniSD)  reached  during 
MMW  exposures  was  greater  than  the  maximum  of 
39.7  ±  0. 1  °C  achieved  during  EH  exposures  (Student’s 
/-test,  P  =  0.0009). 

The  MMW-emitting  system  used  in  this  study 
allows  only  one  side  of  the  animal  to  face  the  oncoming 
energy  field,  whereas  the  entire  rat,  except  for  the  nose, 
was  placed  within  the  EH  chamber.  Figure  IB  shows  an 
infrared  thermogram  of  the  left  side  of  a  rat  captured 
just  prior  to  termination  of  a  35  GHz  MMW  exposure. 
As  reported  in  an  earlier  study,  the  temperature 
distribution  across  the  skin  during  MMW  exposures  is 
not  homogeneous  [Millenbaugh  et  al.,  2008],  and,  in 
this  example,  temperatures  varied  by  approximately 
6.1  °C  within  the  clipped  region.  This  thermal  pattern 
may  be  due  in  part  to  the  Gaussian  distribution  of  the 
incident  MMW  power  density,  and  irregularities  in  the 
shape  of  the  rat  that  perturb  the  pattern  of  energy 
absorption  in  the  skin.  In  contrast,  the  infrared  thermo¬ 
grams  captured  at  the  end  of  the  EH  exposures  showed 
temperature  variations  of  only  1 .1  - 1 .4  °C  across  the 
clipped  region  of  skin  (thermogram  images  not  shown). 

Approximately  600  protein  spots  from  the  NR8383 
macrophages  were  matched  in  the  two-dimensional  gel 
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Fig.  1.  A:  Colonic  and  skin  surface  temperatures  of  rats  during 
exposure  to  sham  conditions,  42  °C  EH,  or  35  GHz  MMWs  at 
75  mW/cm2  Values  are  mean  ±  SD,  n  =  3  per  group.  The  3-min 
pre-exposure  control  period  is  included  in  all  plots.  Duration  of 
the  sham  exposure  was  46  min.  For  EH  and  MMW  exposures, 
the  time  required  to  reach  the  41  °C  colonic  temperature  endpoint, 
including  the  control  period,  varied  for  individual  animals. 
Exposure  durations  ranged  from  42.7  to  44.0  min  and  46.0  to 
47.0  min,  respectively,  in  the  EH  and  MMW  groups.  Data  points  are 
shown  only  for  those  times  when  all  three  subjects  in  the  groups 
were  still  undergoing  exposure.  B:  Example  of  an  infrared  thermo¬ 
gram  showing  the  left,  clipped  region  of  rat  skin  during  exposure 
to  35  GHz  MMWs  at  75  mW/cm2  The  temperature  scale  is  at  the 
caudal  end  of  the  rat. 


images  and  compared  between  treatment  groups. 
Thirteen  proteins,  which  were  found  to  be  differentially 
expressed  or  to  contain  increased  levels  of  3-NT  in  cells 
treated  with  plasma  from  EH-  or  MMW-exposed  rats 
compared  to  cells  treated  with  plasma  from  sham- 
exposed  rats,  were  identified  (Table  1).  Figure  2 A  shows 
an  example  of  a  two-dimensional  gel  image  of  macro¬ 
phage  proteins  with  the  locations  of  the  identified  spots 
marked  by  arrows  and  numbers.  Proteins  found  to  be 


Pi 


Fig.  2.  A:  Representative  two-dimensional  gel  image  of  proteins 
from  NR8383  rat  macrophage  cells  treated  for  24  h  with  plasma 
from  a  35  GHz  MMW-exposed  rat.  Thirteen  proteins  that  showed 
changes  in  expression  or  increases  in  anti-nitrotyrosine  immunor- 
eactivity  were  analyzed  by  peptide  mass  fingerprinting.  Identifica¬ 
tions  are  listed  in  Table  1  according  to  the  corresponding  spot 
numbers  on  the  gel.  Axes  on  the  gel  were  calibrated  based  on  iso¬ 
electric  point  (pi)  and  molecular  weight  calculated  from  identified 
proteins  using  the  Compute  pl/MW  Tool  (http://us.expasy.org/ 
tools/pi.tool.html).  B:  Examples  of  3-nitrotyrosine  immunopositive 
proteins  from  NR8383  macrophage  cells  stimulated  for  24  h 
with  plasma  from  sham-,  EH-,  or  35  GHz  MMW-exposed  rats, 
or  with  a  mixture  of  5  pg/ml  lipopolysaccharide  and  50  U/mi 
interferon-y  (LPS  +  IFNg).  Individual  panels  were  cropped  from 
the  two-dimensional  Western  blot  images.  Protein  spots  were 
selected  for  identification  based  upon  qualitative  changes  in  the 
signal  intensity.  Only  spots  showing  apparent  changes  in  signal 
intensity  for  all  members  in  the  EH  or  MMW  group  compared  to 
the  sham  group  were  included.  Protein  identification  information  is 
listed  inTablel. 


present  as  multiple  spots,  indicating  the  presence  of 
post-translational  modifications,  were  grouped  under  a 
single  spot  number. 

Ten  of  the  11  differentially  expressed  proteins 
were  increased  1.5-  to  3.4-fold  in  the  MMW  group 
compared  to  the  sham  group,  5  of  which  were  also 
upregulated  in  the  EH  group  by  1.5-  to  3.3-fold.  One 
protein,  prohibitin,  was  increased  only  in  the  EH  group 
compared  to  the  sham  group.  Many  of  these  proteins 
have  been  associated  with  macrophage  activation 
during  experimental  models  of  inflammation  and 
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oxidant-induced  cellular  stress.  For  example,  super¬ 
oxide  dismutase  2  (SOD2)  is  an  antioxidant  that  reduces 
superoxide  radical  (02  )  to  H202,  and  02  and  is 
induced  by  LPS  or  pro-inflammatory  cytokines  in 
multiple  cell  types  including  human  monocytes  [Gadgil 
et  al.,  2003].  Another  upregulated  enzyme,  aldo-keto 
reductase  family  1  member  Al,  protects  DNA  and 
proteins  from  damage  by  reducing  highly  reactive 
aldehydes  generated  by  the  peroxidation  of  lipids. 
Cytoprotection  may  also  be  provided  by  elevations 
in  annexin  1  (ANXA1),  a  protein  shown  to  inhibit 
nitric  oxide  release  in  stimulated  murine  macrophages 
[Ferlazzo  et  al.,  2003]. 

Macrophage  activation  requires  increased  energy 
production  to  drive  biochemical  reactions  involved 
in  the  generation  of  the  respiratory  burst  and  the 
compensatory  mechanisms  that  limit  cell  damage. 
Several  of  the  proteins  upregulated  in  the  macrophage 
cells  by  plasma  from  EH-  or  MMW-exposed  rats 
are  metabolic  enzymes  previously  associated  with 
cellular  response  to  oxidative  stress,  namely,  enolase 
la  (ENOl),  glyceraldehyde-3-phosphate  dehydrogen¬ 
ase  (GAPDH),  glutamate  dehydrogenase  1  (GLUD1), 
malate  dehydrogenase  1  (MDH1),  and  transaldolase  1 
(TALDOl).  In  addition  to  increased  energy  yields, 
some  of  these  proteins  could  provide  enhanced 
cytoprotection  during  activation.  For  example,  it  has 
been  postulated  that  ENO 1  may  function  as  a  molecular 
storage  site  for  the  antioxidant,  glutathione  [Fratelli 
et  al.,  2002],  and  elevations  in  TALDOl,  a  key  enzyme 
of  the  pentose  phosphate  pathway,  may  provide 
increased  levels  of  reducing  equivalents  for  inhibition 
of  oxidant-induced  injury  and  apoptosis  [Cha  et  al., 
2007], 

To  further  test  for  cell  activation  in  our  model, 
two-dimensional  Western  blotting  was  used  to  evaluate 
macrophage  proteins  for  changes  in  3 -NT,  a  commonly 
used  marker  of  enhanced  generation  of  reactive  oxygen 
and  nitrogen  species  during  inflammation.  Results 
indicated  increased  3-NT  in  seven  proteins  in  the  EH 
or  MMW  groups  compared  to  the  sham  group  (Table  1 
and  Fig.  2B).  These  included  ANXA1,  GAPDH, 
TALDOl,  SOD2,  vimentin  (VIM),  aldo-keto  reductase 
family  1  member  B8  (AKR1B8),  and  protein  disulfide- 
isomerase  A3  precursor  (PDIA3).  Treatment  of  macro¬ 
phages  with  LPS  and  IFNg  appeared  to  also  cause 
elevated  levels  of  3-NT  in  all  seven  proteins  except  VIM 
and  PDIA3.  Increased  tyrosine  nitration  in  the  EH  and 
MMW  groups  is  in  agreement  with  the  other  data 
reported  here  that  suggest  plasma  from  the  EH-  and 
MMW-exposed  rats  induced  oxidative  stress  in  the 
macrophage  cells.  Also,  increased  levels  of  3-NT  in 
ANXA1,  GAPDH,  TALDOl,  SOD2,  VIM,  and  PDIA3 
have  been  detected  in  multiple  human  and  rodent 


models  during  inflammation  or  oxidative  stress  indicat¬ 
ing  that  these  proteins  are  common  targets  of  nitration 
[Aulak  et  al.,  2001,  2004;  Miyagi  et  al.,  2002; 
Xiao  et  al.,  2005;  Ghosh  et  al.,  2006;  Ghesquiere 
et  al.,  2009]. 

In  summary,  the  current  study  suggests  that 
plasma  from  EH-  or  35  GHz  MMW-exposed  rats  can 
induce  changes  in  protein  expression  and  3-NT  in  a  rat 
alveolar  macrophage  cell  line.  Thus,  in  our  animal 
model  [Millenbaugh  et  al.,  2008],  exposure  to  either  EH 
or  MMWs  may  cause  release  of  active  mediators  into 
the  systemic  circulation.  The  data  presented  here  are  in 
line  with  prior  reports  of  MMW-induced  effects  in 
rodents  that  indicate  involvement  of  secondary  molec¬ 
ular  signals  in  downstream  immune  responses  such  as 
increased  production  of  cytokines  by  macrophages, 
natural  killer  cells,  and  T  cells  [Makar  et  al.,  2003, 2005, 
2006],  neutrophil  recruitment  to  skin  vessels  [Millen¬ 
baugh  et  al.,  2008],  and  increases  in  oxidative  stress  in 
peripheral  leukocytes  [Kalns  et  al.,  2000].  Also,  our 
findings  provide  a  panel  of  cellular  proteins  for  further 
investigation  of  the  biochemical  mechanisms  under¬ 
lying  the  effects  of  35  GHz  MMW  overexposure. 
Studies  to  identify  specific  plasma-borne  mediators  of 
macrophage  activation  and  thresholds  for  elicitation  of 
their  release  by  MMW  exposure  are  in  progress. 
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